Waf/Cip1 , induces senescence and inhibits progression of established tumours in vivo. Our findings demonstrate that TAp63 isoforms function as tumour suppressors by regulating senescence through p53-independent pathways. The ability of TAp63 to trigger senescence and halt tumorigenesis irrespective of p53 status identifies TAp63 as a potential target of anti-cancer therapy for human malignancies with compromised p53.
1,6
p63 is distinct from its homologue p53 in that its role as a tumour suppressor is controversial, an issue complicated by the existence of two classes of p63 isoforms 1 . Here we show that TAp63 isoforms are robust mediators of senescence that inhibit tumorigenesis in vivo. Whereas gain of TAp63 induces senescence, loss of p63 enhances sarcoma development in mice lacking p53. Using a new TAp63-specific conditional mouse model, we demonstrate that TAp63 isoforms are essential for Ras-induced senescence, and that TAp63 deficiency increases proliferation and enhances Rasmediated oncogenesis in the context of p53 deficiency in vivo. TAp63 induces senescence independently of p53, p19
Arf and p16 Ink4a , but requires p21 Waf/Cip1 and Rb. TAp63-mediated senescence overrides Ras-driven transformation of p53-deficient cells, preventing tumour initiation, and doxycycline-regulated expression of TAp63 activates p21
Waf/Cip1 , induces senescence and inhibits progression of established tumours in vivo. Our findings demonstrate that TAp63 isoforms function as tumour suppressors by regulating senescence through p53-independent pathways. The ability of TAp63 to trigger senescence and halt tumorigenesis irrespective of p53 status identifies TAp63 as a potential target of anti-cancer therapy for human malignancies with compromised p53.
Determining the role of p63 in cancer has been challenging, largely because p63 encodes six different proteins. Isoforms containing or lacking an amino-terminal p53-like transactivation domain are referred to as TA and ΔN isoforms, respectively, and they have distinct, even opposing, functions 1, 2 . ΔNp63 isoforms enhance proliferation 3, 4 and inhibit apoptosis 5 , whereas TAp63 isoforms induce apoptosis 6, 7 and inhibit cell-cycle progression 8 . Although these findings are in line with ΔNp63 and TAp63 proteins promoting and suppressing tumorigenesis, respectively, this has not been directly demonstrated.
Cellular senescence is a tumour-suppressive mechanism that prevents progression of pre-malignant lesions in vivo 9 and its activation by p53 induction leads to tumour regression and clearance 10, 11 . We previously reported that p63 deficiency induces cellular senescence in epidermal keratinocytes 12 . This former study ablated all p63 isoforms and therefore did not address which p63 isoform(s) regulates senescence. Here, we asked whether TAp63 isoforms, which are most similar to p53 in structure and transactivation capabilities 1 , could induce senescence in mouse embryonic fibroblasts (MEFs). We chose these cells as TAp63 is expressed within the dermis, the tissue from which MEFs are derived ( Supplementary Information, Fig. S1a ). Expression of TAp63α, TAp63β and TAp63γ in wild-type MEFs induced morphological characteristics of cellular senescence, increased senescence-associated β-galactosidase (SA-β-Gal) activity, enhanced expression of Rb and decreased proliferation ( Fig. 1a; Supplementary Information, Fig. S1b, c ). TAp63β and TAp63γ were more potent than TAp63α in each of these assays. As TAp63 had been associated with apoptosis in transformed cells 1, 6 as well as in oocytes 7 , we investigated whether apoptosis was occurring by analysing the sub-G1 population. Consistent with the absence of microscopically visible apoptotic cells, TAp63 expression did not alter the percentage of apoptotic cells (0.7%, 1.1%, 0.8% for vector control, TAp63β and TAp63γ, respectively). We asked whether TAp63 isoforms also induced senescence in human cells, and indeed found that this was the case (Fig. 1b) Supplementary Information, Fig. S1e, g ). These findings indicate that expression of TAp63 is sufficient to induce cellular senescence in both mouse and human cells.
To determine whether TAp63 functions through p21 Waf 1/Cip1 (p21), p16 Ink4a (p16) or Rb, we used short hairpin RNAs (shRNAs) to knock down expression of these senescence mediators, and assessed whether TAp63 isoforms could still induce senescence. Focusing on TAp63β and TAp63γ, because they were the most robust senescence inducers, we found that whereas MEFs expressing TAp63β or TAp63γ became senescent, the morphological changes of senescence normally induced by TAp63 did not occur when p21 was simultaneously knocked down ( Supplementary Information, Fig. S2a ). Whereas 33% of empty vector-expressing control cells were proliferating, expression of TAp63β and TAp63γ decreased the BrdU (5-bromo-2-deoxyuridine)-positive populations to 18.3% and 13.7%, respectively (Fig. 1c) . However, knockdown of p21 restored proliferation to levels comparable to those of empty vector-expressing control cells (Fig. 1c, d ), indicating that p21 is required for TAp63-induced cell-cycle arrest. Consistent with it being essential for TAp63-induced senescence, p21 was induced upon TAp63γ expression ( Supplementary Information, Fig. S2b ). We also found that knockdown of Rb, but not p16, inhibited the ability of TAp63 to induce senescence (Fig. 1c , e, f; Supplementary Information, Fig. S2a ), although the effect was more dramatic when p21 was depleted. As the level of p16 knockdown was not extensive, we tested whether p16 (as well as p19 Arf , p19) was required for TAp63-induced senescence by expressing TAp63 isoforms in NIH 3T3 cells, which lack the Ink4a/Arf locus that encodes both p16 and p19 ( Supplementary  Information, Fig. S2c ) 13 . TAp63 induced senescence in NIH 3T3 cells ( Supplementary Information, Fig. S2d ), indicating that p16 and p19 are dispensable for this process. These findings indicate that TAp63-induced cellular senescence is p21-and Rb-dependent, consistent with endogenous p21 and Rb being induced by TAp63.
To determine whether p63 is required for oncogene-induced senescence (OIS), a tumour-suppressive program that has been reported to require an intact p53 pathway 14 , we generated MEFs from p63-deficient mice 15 and assessed their ability to undergo OIS. Whereas H-Ras V12 induced senescence in wild-type MEFs, OIS was dramatically compromised in p63-deficient MEFs, and these cells had enhanced proliferation (Fig. 2a, b) . Ras-mediated p21 expression was compromised in p63-deficient MEFs (Fig. 2c) , a finding consistent with our observation that TAp63 induces p21 during senescence. Even though p63 -/-cells failed to senescence in response to Ras, p63 -/-Ras-expressing MEFs were distinct from p53 -/-Ras-expressing MEFs in that they did not form colonies in soft agar or tumours in vivo ( Supplementary Information, Fig. S3 ; X.G. and A.A.M., personal observation). These findings indicate that although p63 deficiency compromises Ras-induced senescence, it is distinct from p53 deficiency. This is probably due to the fact that other barriers to oncogenesis can compensate in this context.
We previously conducted a spontaneous tumour study in p63-compromised mice 16 . Analysis of tumorigenesis in the p53-deficient cohort indicated that heterozygosity of p63 significantly enhanced sarcoma development (Fig. 2d) . Importantly, p63 was not detectable in sarcomas that developed in p63
-/-mice ( Fig. 2e , upper panels). We also assessed whether human sarcomas were similarly devoid of p63 expression. Whereas p63 expression was robust in non-neoplastic epithelial tissue in these sections, it was not detectable in tumours (Fig. 2e , lower panels). This absence of p63 expression in both mouse and human sarcomas is consistent with results from a previous study where 375 out of 385 human sarcomas analysed were p63-negative 17 , supporting the idea that p63 loss facilitates sarcomagenesis.
As OIS was compromised in the absence of p63 and TAp63 isoforms mediate senescence, we investigated whether TAp63 isoforms were essential for OIS by examining Ras-mediated senescence in cells specifically lacking TAp63. Using chromosomal engineering 18 , we generated a TAp63-conditional mouse model in which TAp63-specific exons were flanked by loxP sites ( Supplementary Information, Fig. S4 ). In this model, TAp63 isoforms (but not ΔNp63 isoforms) were ablated by Cre-mediated recombination in both cultured cells and in vivo ( Supplementary  Information, Fig. S4d-f ). Whereas MEFs prepared from both wild-type ; p53 -/-cohorts, respectively). (e) p63 is not expressed in mouse or human sarcomas. Histology (left) and immunohistochemical analysis for p63 expression (right) are presented, showing nuclear immunostaining for p63 in non-neoplastic squamous epithelium overlying the subcutaneous sarcomas. H&E, hematoxylin and eosin; WT, wild-type; T, tumour; N, non-neoplastic. Scale bars in a and e, 100 μm. A full scan of the blot in c is shown in Supplementary Information, Fig. S8 .
and TAp63 F/F siblings were susceptible to OIS, and tamoxifen-induced Cre expression did not prevent OIS in wild-type MEFs, Cre activation in TAp63 F/F MEFs compromised OIS (Fig. 3a-c) . When cultured for an extended period, Ras-expressing TAp63-deficient MEFs grew to high confluency, whereas Ras-expressing wild-type MEFs remained senescent (Fig. 3a, lower panels) . We converted the TAp63 floxed conditional allele to a TAp63 null allele by crossing TAp63 F/+ mice with CMV-Cre mice and generated MEFs from TAp63 -/-embryos (which did not have an overt phenotype) and sibling controls, allowing us to demonstrate that TAp63 -/-MEFs had enhanced proliferation and compromised OIS (Fig. 3d, e) . Furthermore, endogenous TAp63 was induced by Ras at the transcript level, and TAp63γ was the predominant p63 protein detectable (Fig. 3f) . To directly assess the tumour-suppressive activity of TAp63 in vivo, we investigated whether TAp63 deficiency exacerbated tumorigenesis of p53-compromised, Ras-driven cells. Indeed, TAp63 -/-MEFs in which p53 was knocked down in the context of oncogenic Ras had increased tumour size and decreased latency relative to control cells (Fig. 3g) . These findings indicate that TAp63 inhibits proliferation, facilitates OIS and prevents tumorigenesis in vivo.
The finding that TAp63 inhibits tumorigenesis in Ras-expressing cells in which p53 has been knocked down suggests that p53 is dispensable for the tumour-suppressive function of TAp63. To demonstrate this more rigorously, we showed that TAp63α, TAp63β and TAp63γ inhibit proliferation of p53 -/-MEFs (Fig. 4a) . As we found previously, TAp63α was less efficient at inhibiting proliferation than the other TAp63 isoforms, which was most likely due to this isoform having a carboxy-terminal inhibitory domain 19 . The G1/0 population was increased, whereas the S-phase population was decreased, in TAp63 isoform-expressing p53 -/-MEFs, indicating that TAp63 isoforms promote cell-cycle arrest at the G1/S transition ( Fig. 4b ; Supplementary Information, Fig. S5a ). As in wild-type MEFs, TAp63 isoforms induced senescence in p53 -/-MEFs ( Fig. 4c ; Supplementary  Information, Fig. S5b ). These observations demonstrate that TAp63 induces senescence independently of p53.
Aberrant mitogenic signals cooperate with tumour-suppressor loss to cause cellular transformation and tumour formation 9 ; however, senescence can override this process. To evaluate the ability of TAp63 to induce senescence in the context of both p53 loss and oncogenic Ras expression, we co-expressed H-Ras V12 and TAp63 isoforms in p53 -/-MEFs. Whereas H-Ras V12 transforms p53 -/-MEFs, causing these cells to form rapidly growing tumours when injected subcutaneously in nude mice 14, 20 , we found that co-expression of TAp63 isoforms and Ras V12 in p53 -/-MEFs led to senescence ( Fig. 4d; Supplementary Information, S5 ). These findings are in agreement with our observations that TAp63 is essential for regulating proliferation, senescence and tumorigenesis in vivo.
To examine whether 
MEFs expressing Ras, or MEFs expressing exogenous TAp63α, TAp63β or TAp63γ were subjected to western blotting analysis (right panel). (g) TAp63 deficiency enhances tumorigenesis. MEFs from TAp63
-/-or wild-type sibling control mice that had been simultaneously infected with H-Ras V12 and shRNA against p53 were subcutaneously injected in nude mice and tumour growth was monitored. P value determined using two-way ANOVA test is shown (n = 10 sites injected). Data represent mean ± s.e.m. Scale bar in a, 100 μm. A full scan of the blot in f is shown in Supplementary Information, Fig. S8 . WT, wild-type; Vector, empty control vector.
rapidly growing tumours, the formation of tumours was dramatically inhibited in p53 -/-cells expressing Ras V12 in combination with TAp63α, TAp63β or TAp63γ; again, TAp63β and TAp63γ were the most effective (Fig. 4e) . As we did not drug select for infected cells, TAp63-non-expressing cells were probably present in the injected pool. Indeed, the small tumours that eventually developed in mice injected with cells transduced with Ras V12 plus TAp63α (5 out of 6) or TAp63β (6 out of 6) were GFP-negative, indicating that they were derived from Ras V12 -expressing p53 -/-cells in which TAp63 was not expressed. These observations indicate that exogenous expression of TAp63 isoforms prevents oncogene-mediated tumour formation of p53-deficient cells.
Given our findings that TAp63 induces senescence and blocks tumour initiation, we investigated whether TAp63γ was potent enough to induce senescence in cells that were already transformed and tumorigenic. We constructed a tetracycline-inducible system where TAp63γ was expressed under the control of the TRE tight promoter, and coupled it to an IRES-GFP cassette, which allows the monitoring of TAp63γ expression in cultured cells as well as in vivo ( Supplementary Information, Fig. S6a ). p53 -/-MEFs were co-transduced with a bicistronic retrovirus expressing N-Ras G12D along with the tetracycline reverse transactivator protein (rtTA), as well as a retrovirus expressing either TRE-GFP or TRE-TAp63γ/GFP. In the absence of the inducer, doxycycline (Dox), TAp63γ/GFP expression was not detectable and p53 -/-cells harbouring either TRE-GFP control or TRE-TAp63γ/GFP showed a spindle-shaped morphology characteristic of transformed cells. However, in the presence of Dox, TAp63γ, GFP and p21 were induced ( Supplementary Information,  Fig. S6b, c) . In response to Dox, cells infected with TRE-GFP continued to proliferate, whereas cells infected with TRE-TAp63γ/GFP became senescent in a dose-dependent manner ( Supplementary  Information, Fig. S6b, d-f To test whether TAp63 could cease the progression of tumours in vivo, we injected p53 -/-cells expressing rtTA/N-Ras plus TRETAp63γ/GFP into nude mice. Whereas these cells formed large tumours in untreated mice, tumours did not progress in Doxtreated mice (Fig. 5a ). Dox administration caused robust GFP expression 24 h after treatment, with the GFP intensity declining rapidly during the following days (Fig. 5a, middle panels) . Whereas tumours in Dox-treated mice stopped growing and did not progress during the 4 days following Dox treatment, tumours eventually formed, which was most likely due to the outgrowth of cells with low or absent TAp63 expression. Indeed, as we described above, these escapers were GFP-negative (Fig. 5a, middle panels) . Thus, regulated expression of TAp63γ effectively halts the progression of established tumours in vivo.
To determine whether this abrupt shutdown of tumour progression was due to cellular senescence, we performed SA-β-Gal assays on tumour sections. We found that senescent cells were much more prevalent in tumours from Dox-treated mice than in tumours from untreated mice (Fig. 5b) . Immunofluorescent analysis revealed that at day 2 both TAp63γ and its target, p21, were significantly induced in tumours from Dox-treated mice (Fig. 5c ). This enhanced p21 expression observed at the protein level is consistent with our finding that p21 transcript is induced and that p63 is bound to the p21 promoter in TAp63γ-expressing p53 -/-MEFs ( Supplementary Information,  Fig. S7b) . By day 4, TAp63γ-expressing cells were virtually undetectable in the tumour (Fig. 5c, d ), suggesting that TAp63γ-expressing tumour cells are rapidly lost. This clearance of cells that had become senescent in response to TAp63γ induction could be through the innate immune response 10 . These findings indicate that regulated expression of TAp63γ induces p21 and cellular senescence, which halts tumour progression in vivo.
Our observations demonstrate that TAp63 isoforms are potent inducers of senescence that prevent cancer. The findings that p53 is dispensable for TAp63-mediated senescence and that TAp63 deficiency increases Supplementary Information, Fig. S8 .
the tumorigenicity of p53-deficient Ras-expressing cells highlight the potent tumour-suppressive function of TAp63. Unlike p53, which induces senescence in response to oncogenic stimuli 21 , TAp63 can induce senescence on its own. TAp63 isoforms induce senescence in wild-type cells, as well as in cells that have lost nodal tumour-suppressive pathways, such as p16, p19 and p53. Notably, TAp63 triggers cellular senescence in p53 -/-cells both before and after they have been transformed by oncogenic Ras, halting tumour progression. Thus, expression of TAp63 is tumour protective at both the initiation and progression stages.
We reported previously that p63 deficiency causes cellular senescence in proliferating keratinocytes of the skin, leading to accelerated ageing in vivo 12 . Although the role of different p63 isoforms was not addressed, we found recently that ΔNp63α -the predominant isoform expressed in keratinocytes 1, 22 , which has a pro-proliferative function 3, 4, 23 -regulates senescence in this setting (W.M.K. and A.A.M., unpublished data). Here, we identify TAp63γ as the isoform induced in MEFs in response to oncogenic Ras and define TAp63 isoforms as essential mediators of senescence. In yet another setting -skin-derived progenitor cells of the hair follicle, which are distinct from both keratinocytes and MEFs -specific loss of TAp63 isoforms has been reported to induce hyperproliferation that culminates in senescence 24 . Whereas loss of TAp63 in both of these settings enhances proliferation, it remains to be determined whether TAp63 is an essential mediator for OIS in skin-derived progenitor cells, as we found in MEFs. Thus, the finding that TAp63 induces senescence in fibroblasts complements and augments our previous discovery in keratinocytes, adding to the growing list of tissue-specific settings in which senescence occurs, and indicating isoform-specific roles of p63 proteins in senescence regulation.
Since senescence is a barrier against tumour progression in vivo, activation of this program in tumour cells 10, 11 , especially in those that are resistant to chemotherapy-induced cell death due to genetic lesions such as p53 loss, provides a rationale for anti-cancer therapy. Our study suggests that robust induction of TAp63 is one such therapeutic approach. This strategy is especially promising in light of the p53-and p16-independence of senescence induction by TAp63 and given the fact that most human cancers have defective p53 (ref. 25) or frequent loss of INK4a (ref. 26 ), but retain the p63 locus [27] [28] [29] . Additional strategies that stabilize TAp63 (refs 8, 30) or to inhibit pathways that negatively regulate TAp63 activity, such as the common negative regulators of p53 family members, iASPP (refs 31-33), could provide effective approaches for cancer therapy.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturecellbiology/. shown by western blot analysis. Arf -/-MEFs were used as a p19 negative/p16 positive control, and WT MEFs were used as a positive control for p19. d, TAp63 isoforms induce senescence independently of p16 and p19. NIH 3T3 cells infected with retroviral vectors expressing TAp63 isoforms were assayed for SA-β-Gal activity; 1.8%, 9.4%, 58.0%, 50% of cells were SA-β-Gal positive for vector control, TAp63α, TAp63β, TAp63γ, respectively. Scale bar, 100 µm. 
Figure S4
Generation of a TAp63 conditional mouse model using chromosome engineering. a, Gene targeting within p63 intron 3 resulted in the integration of a lox P site (triangle), the 5' half of the Hprt gene (5'), a neomycin resistance cassette (N) and the Tyrosinase gene (Ty). Accurate targeting was verified by Southern analysis of Sac I digested genomic DNA from neomycin-resistant clones by using the 0.5 kb Nhe I/Pml I gap probe (blue). E, endogenous; T, targeted. b, Gene targeting in the singly targeted (ST) clones within p63 intron 1 generates doubly targeted (DT) clones, in which a lox P site, the 3' half of Hprt gene (3'), a puromycin resistance cassette (P) and an Agouti (Ag) transgene were integrated. Targeting was verified by Southern analysis of Bam HI digested genomic DNA obtained from puromycin resistant clones by using an 86bp fragment within the Nde I gap probe (blue). c, Cre-mediated recombination in the germline generates the TAp63 deficient (TAp63 df) allele. This allele has a deletion of exons 2 and 3, which would throw any potential p63 transcripts out of frame. PCR primers that amplify the targeted (T) and endogenous (E) bands are indicated (arrows). TAp63+/-intercrosses have generated multiple litters; no overt developmental or tumor phenotypes have been observed to date. Cre-mediated recombination in somatic cells was performed by mating TAp63 F/+ mice to K5CrePR1 mice, in which mifepristoneactivated Cre is driven specifically in proliferating stratified epithelia such as the skin 12 . Even though TA-specific exons were excised from the p63 locus, we did not observe p63 deficient-like skin phenotypes (Guo & Mills, personal observation). d, Cre-mediated recombination in MEFs. Genomic DNA of MEFs from TAp63 floxed (TAp63 F/F ) and WT sibling mice infected with Cre were subjected to PCR analysis; amplification of the recombined Hprt junction is shown. e, Genotyping following Cre-mediated recombination in vivo. f, RT-PCR analysis indicates that TAp63 transcripts are not detectable, whereas ∆Np63 isoforms are expressed in mice homozygous for the TAp63 null allele. 
